Integrated crop-livestock systems have been purported to have significant agronomic and environmental benefits compared to specialized, single-enterprise production systems. However, concerns exist regarding the effect of livestock in integrated systems to cause soil compaction, thereby decreasing infiltration of water into soil. Such concerns are compounded by projections of more frequent high-intensity rainfall events from anticipated climate change, which would act to increase surface runoff and soil erosion. A study was conducted to evaluate the effects of residue management, frequency of hoof traffic, season, and production system (e.g., integrated annual cropping versus perennial grass) on infiltration rates from 2001 through 2008 in central North Dakota, USA. Imposed treatments had no effect on infiltration rate at three, six, and nine years after study establishment, implying that agricultural producers should not be concerned with inhibited infiltration in integrated annual cropping systems, where winter grazing is used. The use of no-till management, coupled with annual freeze/thaw and wet/dry cycles, likely conferred an inherent resistance to change in near-surface soil properties affecting soil hydrological attributes. Accordingly, caution should be exercised in applying these results to other regions or management systems.
Introduction
The sustainability of agricultural production in the northern Great Plains of North America is inextricably linked to the amount and frequency of precipitation. Effective use of precipitation by plants requires the retention and movement of water into the soil, which is affected by vegetative cover and soil structure [1] . Management practices that either remove vegetative cover or deteriorate near-surface soil structure slow infiltration rates [2, 3] . Consequences of slower infiltration rates include greater surface runoff, increased erosion, and decreased on-site productivity. Such outcomes may be exacerbated by projected changes in climate, where a more vigorous hydrological cycle is expected to lead to more frequent high-intensity rainfall events [4] . Accordingly, understanding management effects on infiltration rates is important to ascertain potential off-site environmental impacts as well as long-term consequences to agricultural production.
Integrated crop-livestock systems have been purported to improve agricultural productivity, environmental quality, operational efficiency, and economic performance relative to specialized, single-enterprise production systems [5] . Benefits from crop-livestock integration emanate from production synergies brought about by using crops and crop residues for livestock feed while capturing nutrients from livestock wastes for crop production. While many attributes of integrated crop-livestock systems are positive, there are concerns regarding the role of hoof traffic from livestock in these systems to adversely affect near-surface soil conditions, with concomitant impacts on soil hydrological characteristics [6] .
In 1999, a team of researchers at the USDA-ARS Northern Great Plains Research Laboratory initiated an integrated crop-livestock study aimed at evaluating production, nutritional, and environmental aspects of overwintering dry bred cows on swathed annual crops [7, 8] . From 2001 through 2008, infiltration rates were measured in the spring and fall of each year at select locations in the established treatments, with the overarching purpose of quantifying treatment effects on near-surface soil hydrological attributes. Specifically, objectives of the research effort were to evaluate effects of residue management, frequency of hoof traffic, season, and production system (e.g., integrated annual cropping versus perennial grass) on infiltration rates for an integrated crop-livestock study located in central North Dakota, USA. As a guiding hypothesis for this research effort, we postulated that perennial grass pastures could be converted to a wintergrazed annual cropping system without adversely affecting soil hydrological attributes. for all crops every year). Weeds were managed using preemergent herbicides following recommended practices by local farmers.
Materials and Methods
The oat and triticale/sorghum crop mixtures were harvested for grain between mid-August and early September with the straw spreader removed from the combine, which created a swath of straw and chaff for winter grazing. The corn was swathed for forage in mid-to late September. Crop swaths were oriented parallel to the direction of each crop or crop mixture (e.g., oat, triticale/sorghum, corn). Each crop or crop mixture was split into three residue management treatments including no residue removal (CON-TROL), residue removal with a baler (HAYED), and residue removal by grazing with livestock (GRAZED) (Figure 1 ). The CONTROL and HAYED treatments were randomly assigned within each crop or crop mixture at one end of the plot area, whereas the GRAZED treatment extended across the majority of the plot area and could not be randomly assigned due to logistical considerations associated with field operations and livestock management. Plot area within a crop or crop mixture was 0.05 ha for the CONTROL and HAYED treatments and 1.69 ha for the GRAZED treatment.
The swathed crop residues from the cropping sequence in the GRAZED treatment represented winter forage for ten 4-6-year-old dry bred Hereford cows, due to calve in late March. Grazing commenced in mid-November and ended in mid-February, with the oat crop mixture grazed first, triticale/sorghum crop mixture second, and corn last. Access to crop swaths was controlled by an electric fence and portable fence posts, which allowed for grazing on one crop or crop mixture at a time. Portable fences were oriented at right angles to the swaths within a crop or crop mixture and were moved daily to provide fresh forage for livestock. A shelter and water fountain was located on the end of each pasture within the GRAZED treatment. For each crop or crop mixture, grazing was initiated closest to the shelter and water fountain and extended toward CONTROL and HAYED treatments over time. Accordingly, the direction of grazing within a crop or crop mixture contributed to greater livestock traffic closer to the shelter and water fountain (Clay Erickson, personal communication).
Two 6.0 ha western wheatgrass (Pascopyrum smithii (Rydb.) Love) pastures were used as a perennial grass treatment for comparison of infiltration results with the annually cropped treatments. Swathed grass from the pastures was used as winter forage from 1999 through 2002 for the same number of cows managed similarly as outlined above. Due to a lack of adequate forage due to drought in 2002 and 2003, the perennial grass treatment was hayed but not grazed in 2003. From 2004 through 2008, the perennial grass treatment was lightly grazed with ten Hereford or Angus cows from mid-October to mid-January. Readers are encouraged to review previous reports for additional details regarding crop and livestock management related to the study [7, 8] .
Infiltration Measurements.
Infiltration measurements were made using single-ring infiltrometers [10] . Briefly, measurements were made by inserting an aluminum ring (i.e., a 15 cm i.d. irrigation pipe cut to a 15 cm length) into the soil to a 7.5 cm depth and applying two separate applications of water within the enclosed space of the ring. The volume of water for each application was equivalent to a 2.54 cm depth (1 inch) within the ring. The time necessary for each application of water to infiltrate into the soil was recorded using a stopwatch. To adjust for potential differences in antecedent water content among treatments, only data from the second water application were used.
Infiltration measurements were made during the spring after the swathed crops had been grazed but not replanted. Measurements in the CONTROL and HAYED treatments were made using nine infiltrometers, oriented randomly in each treatment but between crop rows. Measurements in the GRAZED treatment were made in two transects differing in frequency of hoof traffic and also between crop rows. Nine infiltrometers (three per crop strip) were placed in a transect perpendicular to the swaths approximately 100 m from the shelter and water fountain (representing high-traffic (HT)). A similar transect was established approximately 200 m from the shelter and water fountain (representing low-traffic (LT)). Measurements in the western wheatgrass pastures mirrored that in the annual crop treatments, but with fewer infiltrometers (three in the CONTROL, HAYED, and GRAZED hoof traffic transects).
Three data transformations were evaluated prior to use of untransformed data for statistical analyses. Distribution of log, square root, inverse, and untransformed data was evaluated in SAS using the Shapiro-Wilk test to assess normality given the limited number of observations (n = 207) [11] . All four sets of data yielded outcomes significant at P ≤ .001, implying that the data were not normally distributed.
Effects of residue management, frequency of hoof traffic, season, and production system on infiltration rate were evaluated three, six, and nine years after study establishment with PROC mixed in SAS using a significant criterion of P ≤ .05 [12] . Tested effects were considered fixed, while replicates and their interaction were considered random. Treatment means were calculated across crop phases. Given that the GRAZE residue management treatment was not randomly assigned in each replicate, caution was exercised when interpreting results.
To facilitate meaningful comparisons, only data from spring infiltration measurements were used unless stated otherwise. Additionally, for frequency of hoof traffic, data from the CONTROL and HAYED treatments were combined to represent a no-traffic treatment (NT). Similarly, only data from the GRAZED treatment were used to compare seasonal effects (i.e., Fall versus Spring) on infiltration rate.
Results and Discussion
Livestock integration of an annual crop sequence (GRAZED) did not significantly affect infiltration rate as compared to residue management not involving livestock (HAYED) or residue left in place (CONTROL) (Figure 2(a) ). Numerically, however, infiltration rates within the GRAZED treatment were consistently lower among the three residue management treatments at three, six, and nine years after study establishment. Despite the numerically lower infiltration rates in the GRAZED treatment (e.g., approximately 5 cm hr Figure 2 (a)), concerns with potential runoff were negligible at this site as the occurrence of a 5 cm rain over a 1 hr duration is expected to happen at a historical frequency from 10 to 25 yr [13] . Both low-and high-frequency hoof traffic zones (LT, HT) possessed numerically lower infiltration rates as compared to the zone where hoof traffic was excluded (NT) (Figure 2(b) ); however, differences among hoof traffic zones were not significant in any year. Moreover, infiltration rates within the GRAZED treatment did not differ between fall and spring in 2001/2002, 2004/2005, or 2007/2008 (Figure 2(c) ).
Infiltration rates did not differ between integrated annual cropping and perennial grass grazing systems during any of the measurement times (Table 1) . Accordingly, the guiding hypothesis for the study was not disproved, suggesting that perennial grass pastures may be converted to a winter-grazed annual cropping system without compromising infiltration of water into soil. Maintenance of key hydrological functions in agroecosystems is an essential attribute affecting agricultural productivity and environmental quality. Climate-induced shifts toward more frequent high-intensity rainfall events pose significant challenges to the hydrological functions of agroecosystems and, in turn, agricultural sustainability [14] . As such, anticipated changes in climate may favor agroecosystems that can effectively capture and store significant amounts of water in soil following intense precipitation events. Findings from this study indicate that integrated annual cropping systems utilizing winter grazing may be suitably adapted to a more Applied and Environmental Soil Science 5 vigorous hydrological cycle from the standpoint of water capture and storage. Such adaptation emanates from the capacity of the management system to withstand significant changes in near-surface soil physical properties known to affect water infiltration into soil during, and following, conversion from perennial grass. One example of resistance to change in soil physical condition was expressed through the magnitude of treatment effects on soil bulk density, a general indicator of soil compaction. Within the surface 7.5 cm of soil, soil bulk density never exceeded 1.20 Mg m −3 over the course of the study nor were soil bulk density values correlated with infiltration rates (r = −0.07; P = .3033; n = 207) (data not shown) [15] .
Pragmatically, results from this study suggest that agricultural producers should not be concerned with infiltration problems in integrated annual cropping systems, where winter grazing is used. Had cattle caused serious soil compaction during winter grazing, it would have been expressed through significantly lower infiltration rates. A combination of management-, climatic-, and edaphic-related factors was likely responsible for the observed resistance in soil change to the treatment perturbations.
No-till conversion of the crested wheatgrass pastures to annual cropping in 1999 may have been critical in conferring an inherent resistance against changes in near-surface soil physical properties caused by subsequent perturbations from cropping and grazing. An absence of tillage during conversion allowed for soil physical properties (soil structure, pore continuity, and pore size) to remain unchanged. This consistency in soil physical condition during conversion was likely critical in buffering soil changes potentially caused by differences in plant type (annual crops versus perennial grass) or implementation of field activities (e.g., spraying, planting, and swathing) over the course of the study.
Utilization of winter grazing in this study likely mitigated potential soil compaction in the GRAZED treatments as the soil is typically frozen from November through March. In the absence of mid-winter thawing periods, soils remain frozen and less susceptible to compaction by hoof traffic. Moreover, soils in the northern Great Plains undergo annual freeze/thaw and wet/dry cycles, which act to fracture compacted soil zones through the expansion/contraction of soil minerals and water in soil pores. Such natural amelioration processes have been found to buffer effects of grazing on near-surface soil compaction in the northern Great Plains [16] . Significant contributions from earthworm tunneling, as observed in the integrated annual cropping system (Jason Gross, personal communication), can also limit effects of compaction on soil water properties through the creation of large biopores.
Conclusions
Infiltration of water into soil was found not to be significantly affected by management perturbations within an integrated annual cropping system, where winter grazing was used. The consistent freeze/thaw and wet/dry cycles characteristic of the northern Great Plains, coupled with the use of no-till management, likely played an important role in the outcome of the results. Accordingly, caution should be exercised in applying results from this study to other regions or management systems. Outcomes from the study are nonetheless valuable from the standpoint highlighting the ince of agroecosystem management to minimize changes in soil hydrological functions. Such an attribute may be critical in adapting to a more vigorous hydrological cycle from anticipated climate change.
